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Sponge-Like Behaviour in Isoreticular Cu(Gly-His-X) Peptide-Based
Porous Materials
Carlos Mart-Gastaldo,*[a, c] John E. Warren,[a, d] Michael E. Briggs,[a] Jayne A. Armstrong,[b]
K. Mark Thomas,[b] and Matthew J. Rosseinsky*[a]
Abstract: We report two isoreticular 3D peptide-based
porous frameworks formed by coordination of the tripepti-
des Gly-l-His-Gly and Gly-l-His-l-Lys to CuII which display
sponge-like behaviour. These porous materials undergo
structural collapse upon evacuation that can be reversed by
exposure to water vapour, which permits recovery of the
original open channel structure. This is further confirmed by
sorption studies that reveal that both solids exhibit selective
sorption of H2O while CO2 adsorption does not result in re-
covery of the original structures. We also show how the
pendant aliphatic amine chains, present in the framework
from the introduction of the lysine amino acid in the pepti-
dic backbone, can be post-synthetically modified to produce
urea-functionalised networks by following methodologies
typically used for metal–organic frameworks built from more
rigid “classical” linkers.
Introduction
Metal–organic frameworks (MOFs) or porous coordination
polymers (PCPs) are crystalline micro- or nanoporous materials
built from the interconnection of metal ions or clusters and or-
ganic linkers.[1] It is their extraordinary synthetic and structural
versatility, together with the predictability of the targeted
frameworks that account for the remarkable growth that the
synthesis and study of this type of materials has experienced.
Once evacuated, these frameworks often present high porosity
and internal surface areas that can be used for a plethora of
applications like gas storage[2] and/or separation,[3] heterogene-
ous catalysis,[4] sensing[5] or proton conduction[6] amongst
others.
Framed in this general context, particular interest has lately
been devoted to the development of isoreticular homochiral
MOFs by the incorporation of enantiomerically pure linkers in
their backbone.[7] The interest in these materials resides in their
use as asymmetric catalysts and chiral adsorbents that can
benefit from the enantioselective recognition that originates
from the different host–guest intermolecular interactions for
a given enantiomer.
Besides chirality, the introduction of guest-accessible func-
tional organic sites (FOS) also represents a valid route to
modify the functional behaviour of MOFs.[8] These chemical
groups are borne by the organic linker, reside in the internal
surface of the pore after the formation of the framework and
can modify its chemical nature and therefore its affinity for
specific guests with important implications in their catalytic ac-
tivity and selective sorption. Despite these promising features,
examples describing the combination of chirality and FOS in
a single MOF remain very scarce. This is likely due to the insuf-
ficient library of candidates. Whereas the number of enantio-
pure ligands available is already limited per se, if they have to
be chemically engineered to incorporate functional groups
that will not coordinate the metal nodes and will remain free
in the pores of the host, the number is reduced even further.
In this context, the use of naturally occurring oligopeptides
is worthy of exploration as they represent a rich source of
chiral linkers that can incorporate a wide variety of FOS deter-
mined by the choice of amino acids (aa’s). In contrast to the
use of other biologically derived molecules like simple aa’s[9] or
nucleobases[10] that has already proved fruitful, the design of
peptide-based open frameworks is still in its infancy.[11] We re-
cently reported how the reaction of ZnII ions with dipeptides
like carnosine (b-alanyl-l-histidine) yields ZnCar, a ZIF-type 3D
[a] Dr. C. Mart-Gastaldo, Dr. J. E. Warren, Dr. M. E. Briggs,
Prof. M. J. Rosseinsky
Department of Chemistry, University of Liverpool
Crown Street, Liverpool, L69 7ZD (UK)
E-mail : m.j.rosseinsky@liverpool.ac.uk
[b] Dr. J. A. Armstrong, Prof. K. M. Thomas
Wolfson Northern Carbon Reduction Laboratories, School of Chemical
Engineering and Advanced Materials, Newcastle University
Newcastle upon Tyne, NE1 7RU (UK)
[c] Dr. C. Mart-Gastaldo
Instituto de Ciencia Molecular (ICMol), Universidad de Valencia
Paterna, 46980 (Spain)
E-mail : carlos.marti@uv.es
[d] Dr. J. E. Warren
School of Materials, The University of Manchester
Sackville Street, Manchester, M1 3BB (UK)
Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201502098.
Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.
Chem. Eur. J. 2015, 21, 16027 – 16034 Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim16027
Full PaperDOI: 10.1002/chem.201502098
water-stable MOF,[12] whereas introduction of Gly-Ala, Gly-Ser
and Gly-Thr direct the formation of layered porous materials,
Zn(Gly-X)2, that exhibit adaptable porosity after disordered
(X=Ala)[13] or ordered (X=Ser) closure[14] of the framework
after guest removal or classical sorption response (X=Thr).[15]
This distinct behaviour is controlled in all cases by the confor-
mational flexibility, chemistry of the aa’s sidechain and their se-
quence in the peptidic backbone. Still, the internal surface area
accessible in these biomimetic materials remains comparatively
small therefore limiting the size of the guests that can be
loaded and the functionalities accessible within these chiral,
chemically functionalised pores.
We demonstrate how the use of longer tripeptides permits
increasing the pore metrics in isoreticular peptide-based open
frameworks with three-dimensional pores whilst leading to in-
creased flexibility, as enabled by the wider conformational
range accessible to the linker. Here, this structural flexibility is
complemented with the introduction of FOS in the pores thus
leading to sponge-like behaviour in the presence of water. In
addition, we show how these FOS can be used as a versatile
platform to modify the chemical nature of these biomimetic
frameworks by post-synthetic modification (PSM).
Results and Discussion
Synthesis and structure
Reaction of the peptides glycyl-l-histidylglycine and glycyl-l-
histidyl-l-lysine (Scheme 1) with copper(II) acetate in an etha-
nolic solution led to the formation of [Cu(GHG)]·(H2O)10(EtOH)1
(1; GHG=C12H16N6O5
2¢) and [Cu(GHK)]·(H2O)5.5 (2 ; GHK=
C14H22N6O4
2¢), respectively. They can be isolated as deep-blue
prismatic crystals by controlled layering of ethanol onto an
aqueous solution containing the metal and the linker in a 1:1
ratio (see the Experimental Section). Both structures have pre-
viously been reported CSD reference codes 1: GLHGCU
(1169243), GHSGCU (1167185), GHGCUS (1167181) (perchlorate
salt)[16] and 2 : OZEBIF (809108), CIDNIM (1124899).[17] However
we report here a novel form for 1 and a redetermination for 2.
Unlike other authors, we focus on the 3D extended structure
and associated void space of these unconventional porous ma-
terials.
Compounds 1 and 2 crystallise in the enantiomorphic tet-
ragonal space group P41212, compared with GLHGCU that was
reported in the monoclinic C2 space group. Homochirality is
confirmed by the Flack and Hooft parameter values that are
0.019(11) and 0.03(2), and 0.033(5) and 0.064(4), for 1 and 2, re-
spectively.[18] In these isoreticular frameworks, each CuII centre
adopts a distorted square-based pyramidal configuration. The
terminal amino group (N10) and the imine nitrogen atom (N7)
belonging to the terminal Gly together with the histidine nitro-
gen atom (N3) belonging to the His residue form a tridentate
chelate that occupies three basal positions. This binding mode
is rather specific to the complexation of copper with peptides
containing a histidyl residue which is known to be an impor-
tant metal-binding site in proteins.[19] It is also isostructural
with the previous reported determinations. The coordination
sphere is completed by two monodentate carboxylate groups
belonging to either the terminal Gly or Lys residues, in 1 and
2, respectively, that occupy the apical and the remaining basal
position (Figure 1a). The formation of the chelate leads to N¢
Scheme 1. Tripeptides: a) glycyl-l-histidylglycine (GHG,) and b) glycyl-l-his-
tidyl-l-lysine (GHK). Stars represent chiral centres.
Figure 1. Structure of as-made Cu(GHG) and Cu(GHK) frameworks. a) Square planar pyramidal geometry of the CuII metal centre. b) Perspective of the binu-
clear cluster that acts as secondary building unit. The two different types of peptide-to-metal interaction are highlighted: tridentate chelate with the His-X
residue (orange) and monodentate carboxylate bond with the C-terminal Gly (green). The dashed line stands for the p-interaction between neighbouring his-
tidine side-chains that contribute to the stabilization and formation of the dimer. c) Perspective showing how the sequence Cu-peptide-Cu defines fourfold
helicoidal chains (right) that are bridged into a three-dimensional framework by the formation of m2-carboxylate bridges. Although the pictures correspond to
the Cu(GHG) framework these structural details also apply to Cu(GHK). Hydrogen atoms have been omitted for clarity. Cu, dark blue; O, red; C, grey; N, blue;
H, white.
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Cu distances varying between 1.952(2)–2.005(2) for 1 and
1.952(3)–2.006(3) æ for 2. As for the coordination of the carbox-
ylate groups, the O1¢Cu1 distances are substantially longer for
the apical, 2.4739(17) and 2.516(2), than for the basal positions
ranging from 1.991(2) to 1.977(2) æ, for 1 and 2, respectively.
These carboxylate groups also act as m2-bridging ligands and
link two neighbouring metal centres to form a dimer com-
posed of two inverted square pyramids sharing edges (Fig-
ure 1b). Formation of this binuclear cluster is additionally rein-
forced by the presence of supramolecular p-interactions be-
tween neighbouring imidazole rings belonging to two tripep-
tide molecules that exhibit a parallel-displaced stacking with
a centroid-to-centroid distance of 3.635 and 3.585 æ for 1 and
2, respectively. This is consistent with previous studies that
confirm this orientation to be more favourable energetically
for the interaction of aromatic side chains in proteins,[20] and
highlight the pivotal role played by non-covalent interactions
in controlling the dimensionality of peptide-based frameworks.
It is also noteworthy that in both structures there are water
molecules located in the remaining apical positions but at sig-
nificantly longer distances of 3.307(2) and 3.183(6) æ. The reoc-
currence of this position can be attributed to either large
Jahn–Teller distortions or more likely to a hydrogen bonding
interaction to the Gly or Lys amide nitrogen (N17).
As result of the metal binding the peptidic linkers show spe-
cific conformations, F, Y and w, which are defined by the tor-
sion parameters of their constituent amino acids. These values
are summarized in Table 1 and Table S8 in the Supporting In-
formation. The use of tripeptides introduces a higher degree
of conformational flexibility of the connectors with respect to
the use of dipeptides that are restricted to two torsional coor-
dinates, F and Y.[13–15] This increased flexibility has an impor-
tant impact on the structural stability of 1 and 2 (vide infra).
It is worthwhile highlighting the role played by the m2-car-
boxylate bridge in controlling the dimensionality of these ma-
terials in the solid state as it interconnects the neighbouring
fourfold helicoidal chains, which result from the interaction of
one peptide with two CuII centres via the C-terminal residue
and the N-terminal Gly and His amino acids, into a three di-
mensional array (Figure 1c). As a result, 1 and 2 display an
open 3D channel structure that is occupied by water and etha-
nol molecules in 1 and water and the Lys chain in 2 in the as-
made solids. On the contrary, previous examples describe how
the substitution of the m2-monodentate carboxylate bridge
with water molecules provokes a reduction of the dimensional-
ity to produce 1D chains interconnected via H bonds, with the
subsequent loss of intrinsic porosity.[21,34]
Removal of the guest molecules gives access to a 3D open
structure in both materials which is a product of the intercon-
nection of 1D pores (Figure 2). According to the structural
analysis,[22] these provide a solvent-accessible volume of 60.2
and 47.2 [48.5]% of the total volume of 1 and 2 (disordered
components A[B]), respectively (3232.2 and 2642.4 [2711.0] æ3
per unit cell at 100 K; see Table S9 in the Supporting Informa-
tion for further details). Comparing the loaded and simulated
desolvated structures allows for an estimate of the volume oc-
cupied by the guests per unit cell. The calculated molecular
volume occupied by the guest being 30.45 and 17.17 [15.73]%
for 1 and 2, respectively, with the aliphatic Lys chain occupying
approximately 50% of the available space. Hence, the use of
tripeptides as linkers leads to substantially higher intrinsic po-
rosities in comparison with the use of dipeptides that reach
a maximum value of 28% in [Zn(Gly-Ala)2] .
[13]
Due to the lattice type a view along the directions [100] and
[010] reveals the presence of one three-dimensional channel in
the desolvated solids (Figure 2). Sampling of the void space
with a spherical probe of 1.2 æ by using Voronoi decomposi-
tion[23] affords largest included spheres (Di) and largest free
spheres (Df) with diameters of 23.4 and 22.0 [21.9] æ (Di) and
21.0 and 19.0 [19.1] æ (Df) for 1 and 2. The surface of these
channels is decorated with imidazole, amino, amide and car-
boxylate groups from the peptidic backbone. These are orient-
ed towards the centres of the pores, hence modifying their
chemical nature and polarity, and will act as FOS by controlling
the interaction between the host and the loaded guests. Sub-
stitution of glycine (Gly) with the lysine (Lys) aa in the C-termi-
nal residue in 2 introduces an aliphatic amine moiety in the
cavities. This amino group can act as a hydrogen bond donor/
Table 1. Torsion angles for the Gly-l-His-Gly and Gly-l-His-l-Lys tripepti-
des in 1 and 2, respectively.
Compounds F [8] N-term Gly Y [8] His w [8] C-term Gly
1 130.8(2) ¢178.7(2) 5.6(3)
2 130.3(4) ¢173.7(3) 2.8(5)
Figure 2. View of the three-dimensional porosity in Cu(GHG) (top) and
Cu(GHK) (bottom). Surface representation of the 3D porosity (pale green,
probe radius 1.2 æ) that results from the interconnection of 1D pores in the
open structure of 1 (top) and 2 (bottom). Perspective along [100] (a and c)
and [111] (b and d) directions showing the presence 3D channels decorated
by a variety of FOS from the peptidic backbone. Hydrogen atoms have been
omitted for clarity.
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acceptor and has been generally used as a base in catalysis.[24]
In addition, this FOS can be further subjected to PSM therefore
introducing an additional tool for chemical modification of the
surface of the channels.
According to the refined structural models at 100 K, ten mol-
ecules of water and one molecule of EtOH occupy the open
channel structure in 1 whilst the presence of aliphatic amines
in the pores of 2 lead to a reduced solvent content with 5.5
disordered molecules of water per formula unit. CHN data re-
flect the presence of a smaller amount of solvent molecules in
the analysed crystals with only 6 and 5 water molecules being
present in 1 and 2, respectively. This deviation suggests that
the solvent is partially removed by evaporation under room
temperature conditions. This is consistent with our thermogra-
vimetric studies that provide almost identical solvent content
for freshly prepared materials (Figure S11 in the Supporting In-
formation).
The solids are insoluble in methanol or ethanol and
common organic solvents but are readily dissolved when sus-
pended in water. Phase purity was confirmed with PXRD
(Figure 3: GHGa and GHKa). Refinement of the powder pat-
terns with the unit cell calculated from the atomic positional
parameters of the single-crystal data discards the presence of
contaminant phases (Figures S12–S18 in the Supporting Infor-
mation). Overnight evacuation of the solids at room tempera-
ture under dynamic vacuum (10¢6 mbar) triggers a structural
collapse of the frameworks that exhibit amorphous PXRD pat-
terns (Figure 3: GHGb and GHKb). This crystalline-to-amor-
phous transformation is connected to the desolvation of the
frameworks as confirmed by the CHN analyses of the materials
after evacuation. This scenario is indicative of the high flexibili-
ty of the frameworks associated with the introduction of tri-
peptides as intermetallic connectors, which provide a wider
range of accessible conformations. We have recently described
how the torsional response of peptidic struts in response to
environmental changes can be controlled by their sidechain.
Whereas Gly-Thr remains conformationally invariant in Zn(Gly-
Thr)2,
[15] Zn(Gly-Ser)2 displays conformationally ordered closure
into a desolvated crystalline state upon guest removal.[14] To
correlate this amorphisation with the microstructure of the
solids we studied the effects of evacuation on the morphology
of as-made and desolvated crystals. SEM examination reveals
that evacuation introduces multiple cracks across the facets of
the desolvated crystals probably originating from the mechani-
cal strain associated with the removal of the guest molecules
filling the nanopores (Figures S19 and S20 in the Supporting
Information).[25]
Next, the amorphous desolvated solids were transferred to
a vial and exposed over 72 h to the vapours of H2O, a 50:50%
(v%) mixture of H2O and EtOH, EtOH and MeOH (c, d, e and f
in Figure 3). Whilst exposure to EtOH or MeOH does not affect
the amorphous state, the presence of water triggers a structural
transformation as both materials recover their original struc-
tures. It is worthwhile mentioning that similar sponge-like be-
haviour—that is reversible amorphous-to-crystalline structural
transformation upon re-solvation, also called Type-I “recovera-
ble collapsing”—has been described for other dynamic coordi-
nation polymers.[8, 25–28]
Figure 3. Sponge-like amorphous-to-crystalline structural transformation of Cu(GHG) (left) and Cu(GHK) (right). PXRD patterns of the as-made (a) and desolvat-
ed (b) Cu(GHG) (1) and Cu(GHK) (2) (top). PXRD of the solids after exposing the amorphous desolvated structure to the vapours of H2O (c), 50:50% (v%) mix-
ture of H2O and EtOH (d), EtOH (e) and MeOH (f). See Figures S12–18 in the Supporting Information for the refined unit cell parameters corresponding to the
crystalline powder and their comparison with unit cell parameters extracted from single-crystal structures.
Chem. Eur. J. 2015, 21, 16027 – 16034 www.chemeurj.org Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim16030
Full Paper
Adsorption studies
The formation of intrinsic porosity in the solids was studied
gravimetrically for CO2 and H2O adsorption in an intelligent
gravimetric analyser (IGA). Freshly prepared samples of
1 (GHG) and 2 (GHK) were evacuated and heated at 80 8C
under ultrahigh vacuum until degassing was complete. Com-
plete desolvation was confirmed from the observed desorption
profile. The weight losses, for the multiple batches studied,
were in agreement with the solvent content extracted from
the CHN and TGA analyses (vide supra). The frameworks only
exhibited very low CO2 uptakes at 195 and 298 K at 1 and
10 bar, respectively (Figure S21 in the Supporting Information).
This confirms that structural collapse occurs during desolvation
closing the channels of the framework so that they are not ac-
cessible for CO2 under the above conditions.
Since the open channel structure can be recovered in the
presence of water, the H2O sorption experiments were investi-
gated. The reproducibility of the measurements was confirmed
for independent batches and several sorption cycles. Figure 4a
and b show the water vapour adsorption isotherms of the
solids 1 and 2 at 299–307 K. The main differences in isotherm
shape are at uptakes >11 mmolg¢1. The isotherms are consis-
tent with low availability of hydrophilic sites for water sorption
in the amorphous state with uptake gradually increasing as
the crystalline structure is formed. This indicates that the amor-
phous state has a predominantly hydrophobic accessible sur-
face. The isotherms involve structural switching in soft porous
materials and result from the amorphous/closed-to-crystalline/
open structural rearrangement. At high loading, the adsorption
interaction is mainly associated with the H-bond interaction
between adsorbed water molecules whereas, at low loading,
framework structure and interaction with surface sites are in-
volved. The uptake values at 299 K and pressure of 31 mbar
(p/p0=0.92), were 20.85 and 18.08 mmolg¢1 for 1 and 2, re-
spectively. These uptakes correspond to loadings of 8.1
(0.376 gg¢1) and 7.3 (0.326 gg¢1) molecules of water per unit
formula for 1 and 2, respectively. These values are close to the
solvent content extracted from the structural analysis on as-
made crystals of both materials.
Although the water vapour adsorption isotherms were hys-
teretic and the structure was developing during the adsorption
process, the graphs of ln(P) versus the reciprocal of tempera-
ture were linear for the isotherms. The apparent isosteric en-
thalpy of adsorption (Qst) and entropy of adsorption (DS) as
a function of loading for water vapour sorption on 1 and 2
were determined by linear regression between adjacent iso-
therm points for adsorption isotherms and are shown in Fig-
ure 4c and d, respectively. It is apparent that at low-pressures,
the sorption of water vapour on 2 is lower than 1 in the range
used for Qst calculations. The isosteric enthalpy at zero surface
coverage is a fundamental measure of the H2O interaction
with the framework. It is evident that the interaction of H2O
with 1 (GHG) is significantly stronger than with 2 (GHK). The
Qst for H2O adsorption on 1 decreases with increasing uptake
while the values for 2 were lower (Figure 4c and d). The major
Figure 4.Water sorption of Cu(GHG) and Cu(GHK). a,b) H2O vapour sorption isotherms for 1 (GHG; a) and 2 (GHK; b) ; temperature range 26–34 8C. c,d) Varia-
tion of apparent isosteric enthalpy of adsorption (c) and entropy of adsorption (d) with the amount of water vapour sorption on 1 and 2 between 26 and
34 8C. The adsorption data for 2 include 20 and 38 8C isotherm data up to 6–7 mmolg¢1. e) Variation of entropy of adsorption with isosteric enthalpy of ad-
sorption for water vapour adsorption on 1 and 2.
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difference occurs where the collapsed amorphous frameworks
are reforming the crystalline structure. This is attributed to the
presence of Lys in the peptide linker in 2 since this is the only
difference between the isoreticular frameworks. The introduc-
tion of the aliphatic amine side-chains within the pores influ-
ences intra-framework H bonds in 2 leading to difference in
the energetics of structural change. At high uptakes the Qst
values for both 1 and 2 are slightly higher than the enthalpy
of vaporization for H2O (43.99 kJmol
¢1 at 25 8C).[29] There is
a correlation between the DS and Qst values for H2O adsorp-
tion on 1 and 2 (Figure 4e). It is evident that the enthalpy of
adsorption is the driving force for structural change from
amorphous to crystalline forms of 1 and 2.
Post-synthetic modification of Cu(Gly-His-Lys)
The presence of the Lys side-chain offers the potential for
post-synthetic modification of framework 2. This approach is
commonly exploited for more rigid “classic” MOFs[30] but still
remains unexplored for peptide-based porous materials. As-
made crystals of 2 were solvent-exchanged in CHCl3 and then
treated with ethyl isocyanate by following a protocol previous-
ly described for the PSM of IRMOF-3 (Scheme 2).[31]
After filtration, the crystals were thoroughly washed with
CHCl3 to remove the residual non-reacted isocyanate. FT-IR
provided the first proof of the derivatization of the peptide in
2PSM as it shows the presence of the characteristic urea C=O
and N¢C¢N stretching vibrational modes at 1730 and
1307 cm¢1, respectively (Figure S25 in the Supporting Informa-
tion). This is additionally supported by 1H NMR analysis of two
independent batches that provide conversion yields close to
80% (Figures S3 and S4 in the Supporting Information). This is
in good agreement with the conversion values of about 70%
reported for the PSM of IRMOF-3 under equivalent synthetic
conditions. As illustrated in Figure 5, the PXRD of 2PSM confirms
that the modification of the aliphatic amine takes place with-
out significant loss of crystallinity as the material retains the
original open structure of 2.
Conclusion
The combination of the tripeptides GHG and GHK with CuII
ions leads to the formation of two isoreticular 3D porous mate-
rials with higher solvent-accessible volumes (60.2 and 47.2%)
than those enabled by the use of shorter dipeptides. The struc-
tural stability of these materials remains limited by the rich
conformational flexibility of the connectors as they undergo
structural collapse when desolvated. However, they exhibit
sponge-like amorphous-to-crystalline transformation when ex-
posed to water and recover the open porous architecture. Our
sorption studies indicate that this process does not involve re-
crystallization of the solids but is induced by the interaction of
the guest molecules with the host via H-bond interactions
with the FOS decorating the surface of the pores. This guest
sorption-driven restructuring is accessible to flexible or soft
frameworks.[27b,32]
Finally, we have made use of the aliphatic amine side-chain
belonging to the lysine residue in 2 to demonstrate that the
PSM protocols generally used for more rigid “classical” MOFs
can be also exploited to post-synthetically modify these bio-
mimetic materials for the first time. Hence, reaction with ethyl
isocyanate at room temperature permits introducing urea
functionalities in the framework with yields close to 80% and
without significant decrease of crystallinity. On the basis of the
catalytic activity of urea groups as hydrogen bond donors in
aldol condensation reactions, this modification opens the door
to studies on the potential application of these materials as in-
dividual catalysts (100% urea sites) or in cooperative catalysis
by dual nucleophilic–electrophilic activation when both, un-
modified amine and PSM-introduced urea groups, are present
in the framework.[33] The retention of the open-framework ar-
chitecture in the presence of solvents is consistent with the re-
covery of crystallinity upon water loading and permits liquid-
phase processes such as this post-synthetic modification.
Scheme 2. Post-synthetic modification of the GHK tripeptide in 2 to intro-
duce urea groups in the lysine side-chain by treatment with ethyl isocya-
nate.
Figure 5. Structural integrity of Cu(GHK) modified post-synthetically. Com-
parison of the PXRD patterns for the as-made material (2) and after reaction
with ethyl isocyanate (2PSM), confirming that the urea derivatization occurs
without significant loss of crystallinity.




All reagents and solvents used were of commercially available
grade and were used without any additional purification. The tri-
peptides H-Gly-l-His-Gly-OH and H-Gly-l-His-l-Lys-OH were ac-
quired from BachemÒ (http://www.bachem.com).
Synthetic procedures
[Cu(Gly-l-His-Gly)] (1; Gly-l-His-Gly=C12H16N6O5
2¢): This was pre-
pared by dissolving 24.2 mg of the peptide (90 mmol) in 300 mL of
an aqueous solution of Cu(OAc)2·2H2O 0.3m (90 mmol) in a 4 mL
glass vial. This synthetic procedure is based on previous studies de-
scribing the complexation of CuII ions by glycylhistidylglycine in
water.[34] The resulting blue mixture was mechanically stirred and,
1.26 mL of absolute ethanol and 200 mL of water, were sequentially
added. The stirring was then stopped and the mixture left to stand
at room temperature. This favoured the formation of blue coloured
prismatic crystals, overnight. The crystalline product was then fil-
tered from the reaction mixture, thoroughly washed with ethanol
and stored in the fridge (75% yield). Elemental analysis calcd for
[Cu(C12H16N6O5)]·(H2O)6 (Mw=495.93): C 29.06, N 16.95, H 5.69;
found: C 28.85, N 16.85, H 5.51. Elemental analysis calcd for the
desolvated material (Mw=387.84): C 37.16, N 21.67, H 4.16; found:
C 36.45, N 21.01, H 3.90.
[Cu(Gly-l-His-l-Lys)] (2; Gly-l-His-l-Lys=C14H22N6O4
2¢): This was
prepared by following a previously described methodology with
minor modifications,[35] by dissolving 90 mg of the tripeptide
(260 mmol) in 900 mL of an aqueous solution of copper(II) acetate
0.3m (260 mmol) in a 12 mL glass vial. This change of colour is
readily observed after the dissolution of the peptide. Next, 3.8 mL
of absolute ethanol was added and the blue mixture was mechani-
cally stirred for 5 min. This was followed by the addition of 1.2 mL
of EtOH under static conditions, leading to the formation of
a cloudy interphase. The vial was closed and left to stand at room
temperature for 24 h. Finally, 3 mL of EtOH were added to the mix-
ture. Although the formation of prismatic blue crystals in the
bottom of the vial was detected after 24 h, the mixture was left to
stand up to 48 h to maximise the yield of the reaction. Crystals
were then filtered, thoroughly washed with ethanol and stored in
the fridge (65% yield). Elemental analysis calcd for
[Cu(C14H22N6O4)]·(H2O)5 (Mw=491.98): C 34.18, N 17.08, H 6.56;
found: C 33.68, N 16.58, H 6.40. Elemental analysis calcd for the
desolvated material (Mw=401.91): C 41.84, N 20.91, H 5.52; found:
C 41.55, N 20.66, H 5.66.
Post-synthetic modification of 2 : A general protocol previously
described for the reaction of metal–organic frameworks with iso-
cyanates was followed.[31] Accordingly, 50 mg of as-made 2 was sol-
vent-exchanged in 4 mL of chloroform during 3 days. Next, the
crystals were filtered and suspended in 2 mL of CHCl3 containing
8 equivalents of ethyl isocyanate (80 mL; 1 mmol). The reaction was
left to progress at room temperature for 3 days. The crystals were
then filtered, thoroughly washed with CHCl3 to remove the excess
of non-reacted isocyanate, and stored at 4 8C.
Physical characterization
Elemental analysis : Carbon, nitrogen and hydrogen contents were
determined by microanalytical procedures using a Thermo EA1112
Flash CHNS-O analyser.
FT-IR spectroscopy : Infrared spectra were collected from ground
crystals in the 4000–400 cm¢1 range by using a PerkinElmer instru-
ment Spectrum 100.
Thermogravimetric analysis : This was carried out with a SEIKO S-II
instrument in the 25–450 8C temperature range under a 5 8Cmin¢1
scan rate and an air flow of 50 mLmin¢1.
X-ray single-crystal data collection : All single crystal data collec-
tions were undertaken using a Rigaku AFC12K goniometer with
MoKa radiation from a Rigaku 007-HF Molybdenum rotating anode
microfocus X-ray source and collected using Saturn 724+ CCD de-
tector. Environmental control was achieved using a nitrogen
stream from an Oxford Cryosystem 700+ Cryostream.[36] Data col-
lections on compound 1, 2 were undertaken at 18 scan width in w.
A data collection of 1Õ1708 and 2Õ1258 w-scans at 0, 120, 2408,
respectively, with settings in f and common setting of ¢688 in k
were employed for 1 whereas for 2 one of 3Õ1258 w-scans at 0,
120, 2408 settings in f and common setting of ¢688 in k followed
by a single 1258 scan at k=¢308 and f=908 and final low angle
1808 w-scan at k=f=08 were employed.
X-ray powder diffraction : XRPD patterns were collected in trans-
mission geometry at 298 K by using a STOE Stadi-P diffractometer
with CuKa radiation (la=1.54184 æ). Samples were ground and
transferred to a 0.5 mm internal diameter glass capillary. Typically,
profiles were collected as step scans over a 1.5 h period in the 58<
2V<508 range with a step size of 0.258.
Gas sorption measurements : The isotherms with CO2 and H2O
vapour were measured by using an intelligent gravimetric analyser
(IGA) from Hidden Isochema Ltd. The samples were activated at
80 8C, overnight, before data collection. Isotherms for CO2 were
measured at 195 and 298 K at 1 and 10 bar, respectively. Water iso-
therms were collected between 20 and 38 8C up to the maximum
pressure below the saturation vapour pressure of water at these
temperatures. A “time-out” of 12 h was used for all measurements
due to the slow equilibrium, this being the maximum time allowed
for the determination of a single isotherm point.
Scanning electron microscopy (SEM): Images were collected on
Hitachi S-4800 field-emission scanning electron microscope with
energy dispersive X-ray (EDX) detector.
NMR spectroscopy : The 1H NMR spectra were run on a Bruker
AVANCE-400 MHz NMR spectrometer. In a typical experiment, 2 mg
of 2PSM were readily dissolved in 1 mL of D2O followed by addition
of Na2S(s) and mechanical stirring. This results in the precipitation
of CuS as finely divided black solid, which was then removed from
the solution by filtration. Table S2 in the Supporting Information
summarizes the assignment of the obtained NMR spectra.
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